Abstract-The biomechanical ef fectiveness of a valgusinducing knee brace was investigated for 16 patients with knee osteoarthritis (m ean +/ -stan dard dev iation age 5 6 +/ -1 0 yr, height 172 +/-9 cm, mass 83 +/-7 kg, body mass index 27.6 +/-4.5 kg/m 2 ). At th e time of invest igation, all subjects had been wearing the brace for at leas t 4 weeks. In addition to conducting st andard gait analy sis, we calculat ed the valg us moment generated by the brace by using a novel system that measured the a ctual deformation of th e brace during stance phase and determined the reaction force created by the brace on the leg. The mean maximum value of the orthotic valgus moment was 0.053 Nm /kg, whi ch rep resents approx imately 10 % of the external genu varu s mome nt without the brace. This findi ng may expl ain t he pain reli ef reported by pati ents usin g such braces in clinic al studies. Use of the tested brace also decreased the magnitude of gait asymmetry between the braced and contralateral legs during walking (horizontal ground reaction force, external knee flexion moment), presumably because the subjects' need to w alk abnormally to shiel d the kn ee from pain was reduced.
INTRODUCTION
Osteoarthritis of the knee is one of the most common joint dise ases. The incidence of pa inful arthritic knees increases significantly from the third decade onward [1] .
Epidemiological studies show that approximately 5 to 6 percent of the population present clinically with painful knee osteoarthritis [1] . T reatment may be by oper ative and nonoperative meth ods. In addition to arthro scopy, operative treatments include joint replacements and osteotomies. Nonoperative treatments are usually offered in mild to moderate cases or when surgery is not feasible, and may include drug therapies, phys iotherapeutic measures, and orthopedic devices (walking aids, orthopedic inserts, shoe sole elevations, knee braces). According to the most re cent ana lysis, le ss tha n 1 pe rcent of a ll patients with knee osteoarthrit is are fitted with a knee brace [2] .
The clinical effectiveness of this me dical device has been reported in previous st udies (i.a., [3] [4] [5] [6] [7] [8] ). However , studies published to date show conflicting results regarding the biomechanical mechanism of the knee brace.
Many studies have shown that the external va rus moment is a suitable indicat or of knee joint loading, which is increased in the ma jority of cases with varus deformities secondary to knee osteoarthritis [9] [10] [11] [12] [13] . Scientific investigations of the ef fect of a knee brace on the external varus moment report e ither a reduced varus moment [14] [15] [16] or no significant change in this biomechanical pa rameter [17] [18] [19] . These contra dictory results raise questions about whether or not forces produced by knee braces are sufficient to significantly a lter the external moment.
A number of researchers have s uggested that braces for treatin g varus kn ee osteoa rthritis generate a valgus moment, partially compensating for the external varus moment [15, 20] and, therefore, reducing the need for the muscles a nd ligaments to co unteract the pathological forces [21] . This mechanism is also believed to result in reduced joint force within the medial compartment, reducing pain symptoms [20] [21] .
Given the contradictory theories and findings, analyzing the exte rnal va rus mo ment in the gait laboratory appears to be inadequate to provide evidence about the in vivo function of a knee osteoa rthritis brace. For this reason, previous studies have use d specia lly de signed test braces with highly prec ise inte grated se nsors to directly measure the valgus mo ment created by the brace [16, 20, 22] .
In contrast, this article introduces a method for determining the valgus moment without an instrumented test brace. The a pproach pre sented here uses e ach patient's individual brace without modification. Using the pre -scribed, fitted brace worn by each person provides mor e direct evidence about the ac tual ef fect of the brace in vivo. The overall goal of this study is to add to the body of knowledge regarding the biomechanical basis for valgus-inducing knee braces.
METHODS

Patients
Sixteen patients (eight male, eight female) diagnosed with med ial kn ee osteoarthritis by orthopedists wer e recruited for this study ( Table 1 ). The clinical criteria for All patients had been previously prescribed by their treating physician the knee brace us ed in this study for treatment of their osteoarthritis and had worn it daily for a minimum of 4 weeks at the time of testing. The 4-week period was considered suf ficient to verify wearing compliance and permit adequate acclimation to the bra ce ( Table 1) . Exclusion criteria for the study included recent injuries, skin disorders, va ricosities, and diseases other than knee osteoarthritis influencing the gait pattern.
All patients signed an informed consent to participate in thi s study. Each recruited patient traveled to the gait laboratory for one measureme nt session. In addition to the biomechanical measurements, they were asked to give a short subjective assessment of the effect of the brace.
Functional Description and Fitting Procedure of Tested Knee Brace
The patients used the Genu Arthro knee brace, which has a unilate ral side bar desi gn (Otto Bock; Duderstadt, Germany [ Figure 1] ). The Genu Arthro brace is a prefabricated system that is indi vidually adjuste d to eac h patient's body measurements. All brace fittings were conducted by the same qualified and experienced orthotist.
The pain-relieving function of this brace is based on the class ic three-point pres sure principle. Thigh and shank se gments are connected by a sing le axis joint on the lateral side of the leg. An adjustment mechanism permits variable positioning of the thigh segment in the coronal plane whil e th e patient is standi ng ( Figure 2 ). Once the brace has been indi vidually adjusted, reaction forces w ill be generate d on the thigh depending on the magnitude of the adjustment.
At the beginning of the treatment phas e, the bra ce adjustment was optimiz ed for each pa tient ac cording to his or her individual needs. The most important criterion for this procedure was the pa tient's tolerance of the valgus forces resulting from the coronal plane adjustments, as ill ustrated in Figure 2 . After the pati ents were recruited into this study, the individual adjustment of the valgus force w as evaluated and modified a s ne eded before the measurement session began.
Subjective Assessment
Before the biomechanical investigations, the patients were queried about their medical history and perceptions of th e qu ality o f brace fit ting. Su bjects were ask ed to assess the fit of the brace, wearing comfort of the components, appe arance, and e ase of us e on a scale ranging from 0 ("very poor") to 6 ("very go od"). Patien t se lfreports of daily we aring time were rec orded to ass ess compliance in wearing the brace. Pain while walking was measured with a visual analog scale (VAS) ranging from 0 ("no pain") to 10 ("worst pain imaginable"). 
Biomechanics
Standard Gait Analysis
Gait analysis w as c onducted under two co nditions: without brace (WO B) and with brac e (WB), in random order. For the WB condition, an addit ional static measurement was recorded withou t the thigh portion of the brace secured to the leg. Eight to ten walking trials were recorded for each condition.
Measurement of ground reaction forces during walking was conducted bilaterally with use of two force plates (measuring frequency 1,080 Hz; Kistler; W interthur, Switzerland). Motion ki nematics we re tracked by an optoelectronic six -camera sy stem (1 20 Hz; Vicon; Oxford, United King dom) with u se of p assive reflective markers fixed to anatomical reference points. The marker set us ed c omprises seven markers for each side of the body (acromioclavicular jo int, lateral epicondyle of elbow, wrist, greater trochanter , lateral femoral condyle, lateral malleolus, and fifth metatarsal head). External moments act ing on t he major joints of the lower limb were calculated based on kinematic data and ground reaction forces with use of Vicon Body Builder 3.5 software.
Determination of Valgus Moment Produced by Brace
The moment created by the brace can be determined from the reaction force actin g on the p roximal force application point of the brace and from the effective lever arm. The ef fective lever arm results from the functi onal length of the thigh module (Figure 3(a) ).
The firs t step was to determine the rela tionship between the reaction force of the brace F br and the resulting frontal deformation of the brace by means of a simple, self-developed force-measuring s tation ( Figure 3 (a) ). With this station, the force acting at the proximal edge of the thigh piece (P in Figure 3(a) and (c) ) is transferred directly by a cord and pulley assembly so it can be measured by a spring dynamometer (SDM, Hahn-Kolb; Stuttgart, Germany).
Before gait analysis, the displacements X i of th e point P resulting from the acti ng forces were determined by means of a s imple linear scale ( Figure 3(c) ). After recording a se t of 15 to 18 pairs o f values for F br and X i for each brace, we found the following linear relationship (Figure 3 
(b)-(c)):
where X 0 = initial position in unloaded condition, X i = change in distance compar ed to unloaded condition, F br = reaction force, and C br = stiffness of brace, i = 1 . . . (15 . . . 18) .
Based on this correlation, the stiffness of each individually a djusted brace C br cou ld be defin ed by mean s o f a regression calculation (example is shown in Figure 3(b) ).
Once t he in dividual value for C br ha s bee n de termined, the valgus moment of the brace can be determined from gait laboratory data. Measuring the specific deformation of each brace during the WB gait analysis enabled calculation of th e bio mechanical effect of the device in the frontal plane.
Three additional markers were attached to the brace for this purpose (uniaxial hinge, proximal, and distal end of the brace). Based on the three-dimensional coordinates of these markers, deformation (relative to the static me asurement take n be fore the thig h seg ment was cinched down) was determined w ith use of simple trigonometric calculations. This deformation, combined with the stiffness C Orth permits calculation of the reaction force and associated moment created by the brace . The brac e va lgus moment was calculated during the first 50 percent of the gait cycle, when knee joint loading is of particular interest. 
Data Processing
Mean va lues s tandardized to the gait cycle were derived for all biomech anical parameters for each subject. Mean group values we re then cal culated, per mitting comparison between both conditions an d between the arthritic and c ontralateral l imbs. Significant differences between the peak v alues of k ey bi omechanical p arameters were determined by the Wilcoxon test.
RESULTS
Subjective Assessment
On the basis of the mean ± standard deviation (SD) 8.9 ± 3.4 h/d duration of use repo rted, we consider these subjects highly compliant in wearing the brace. The mean ± SD pain-with -walking VAS score of 6 .4 ± 1 .7 fo r th e WOB condition was significantly reduced to 3.3 ± 1.9 for the WB condi tion ( p  0.01). Su bjective e valuations of the knee brace-with the exception of wearing comfort at the thigh-w ere ve ry favora ble, with average sc ores ranging between 4.3 ("good") and 4.9 ("very good"). The average value of 3.4 for wearing comfort at the thigh may have resulted from the intermitte nt feeling of sl ipping of the brace reported by six subjects.
Biomechanics
Time-Distance Parameters
The mean walking speed significantly increased from 1.27 m/s WOB to 1.36 m/s WB (p  0.01). Cadence WB increased significantly compared with WOB, from 107 to 110 steps/min (p  0.01). The step length for the arthritic limb increased from 0.71 m WOB to 0.73 m WB, while step length of the contralateral limb reduced from 0.75 to 0.73 m ( Table 2 ) .
Ground Reaction Force
The analysis of the vertical component of the ground reaction force ( Figure 4 (a) ) shows th at vertical loadi ng decreases between 5 and 15 perce nt of the gait cycle on the art hritic limb WOB when compared with the contralateral leg or with the WB condition. The first vertical force maximum is also significa ntly decrea sed in the WOB condition compared with the WB condition (104% vs 109% body weight [BW], respectively, p  0.05).
Significant differences were also observed in the horizontal component of t he gr ound reactio n force during early stance phase, sometimes referred to as the "braking force" ( Figure 4(b) ). Compared with the contralateral limb, the ho rizontal force was significantly re duced WOB (14.3% vs 17.9% BW, respectively, p  0.01). In the WB condition, the horizontal force on the leg affected by osteoarthritis increased by 16.4 percent BW , which is comparable to the horizonta l force on the contralateral limb. No systematic differences could be identified in the mediolateral forces under a ny of the inves tigated conditions (Figure 4(c) ).
Biomechanical Characteristics of Knee Joint
The knee flexion mome nts in the sagi ttal plane during the first pa rt of stance phase are strikingly dif ferent between conditions. The mean maximum flexion moment for the contralateral knee was 0.45 Nm/kg under conditions, while the mean maximum flexion mom ent for the arthritic knee WOB was significantly diminished to 0.23 Nm/kg (p  0.01). The maximum flexion moment for the arthritic knee WB increased to 0.33 Nm/kg, although this change was not statistically significant. (Figure 5(b) ).
The limb loading characteristics of the af fected limb are as sociated with reduce d motion of the knee joint throughout the stance pha se. Both stance pha se flexion and s tance pha se extension on the a ffected limb we re both re duced by approximately 3° compared with the contralateral si de (Figure 5(a ) ). This finding was true whether or not the brace was being worn.
The me an ma ximum va lue of the external varus moment (0.53 N m/kg) was the sa me re gardless of the test condition for the contralateral limb. The mean maximum loading on the arthritic knee WO B inc reased to 0.63 Nm/kg, although t his chan ge was not statistically significant ( Figure 5(c) ). Averaged values from gait analysis WB did not demon strate any me asurable c hanges for this parameter, similar to several prior studies.
Effect on Knee Joint of Moments Created by Brace
The mean curve presented in Figure 6 illustrates the moment created by the braces during the first ha lf of the gait cycle. The SD reflects important differences between individual res ults. The time during s tance phas e when maximum loa ding occurs als o varied betw een subjec ts. Overall, the valgus moment ge nerated by the brace increased during sta nce pha se but only moderately so. The increase was most obvious between 0 and 10 percent of the ga it cycle, decreasing between 10 and 30 pe rcent of the ga it c ycle, i.e., duri ng stance phase knee flexion. Between 30 and 50 percent of the gait cycle, the valgus effect of the brace increased once again.
Maximum and mean values of the orthotic moment during stance phase were used as quantitative evaluation parameters ( Table 3 ). The m ean maxi mum v alue of 0.053 Nm/kg and the mean value of 0.040 Nm/kg provided by the brace represent 9 and 10 perce nt, respectively, of the external knee moment. Minimum and maximum percentages fell between 2 and 28 percent for both parameters, indicating that the actual forces applied to the patient's leg were quite variable.
DISCUSSION
Measurement of the exte rnal genu va rus moment of patients with medial knee osteoart hritis-the standard parameter for as sessing knee loading-ve ry often demonstrates an abnormal increase in the varus loading, even without associated changes in the knee axis [10, 13, 18] . In theory, this parameter could be useful for estimating the prognosis for osteoarthritis in the future and monitoring the e ffectiveness of various trea tment me thods. The results in this study correspond to those of earlier studies that did not show any significant influence on the external varus moment cre ated by the knee braces [17] [18] [19] , supporting the conc lusion tha t the effect of the brace in the real world is insuf ficient to significantly reduce this moment. We believe that the main ef fect of an unloader brace, in most cases, is compensation for a portion of the external loa d. The conse quences of such an effect are decreased internal moments (those create d by the muscles and ligaments) resulting in decreased forces on the medial portion of the knee joint.
Contradictory results from other studies [14] [15] [16] may be an artifact of different investigation approaches (e.g., use of instrumented braces, unrea listically tight a djustments of the brace s). Res ults from previous studies on the e ffect of brac es on kne e axis move ments a re also equivocal. While several stud ies report positive results [24] [25] ], Hamann's study investigating 20 knee osteoarthritis patients found no relationship between X-ray findings and mode of action of the tested knee braces [18] .
In our study , the valgus moments c reated by the braces w ere meas ured for the first time while in use by the patients. Th e mean value of 0 .040 N m/kg an d the mean max imum v alue of 0 .053 N m/kg for this cohort correlate wel l with prior studies using dif ferent instrumented brac es. Self compare favorably with the value of 10 percent found in this study . Lar ger e ffects with the bra ce c alculated in some studies ma y reflec t or thoses tightened so snugly that th ey woul d no t be wel l tolerated by the patients in real world use.
We there fore suggest that in realistic situations, t he valgus moment p roduced by th e b race du ring w alking may compensate on av erage fo r ap proximately 10 pe rcent of the exte rnal varus moment at the knee despite considerable deviations from this mean value in individual c ases. B iomechanical-model calculations s uggest that a moment from the brace of this magnitude would result in a reduction of joint forces within the medial compartment on the o rder of 8 0 t o 1 00 N [ 20] . A red uction in internal knee forces of this magnitude supports the hypothesis that the pa in re lief and functional improvements repo rted by osteoart hritis patients may be the result of the reduction in inte rnal joint loading that the brace provides.
Alterations in the gait pattern between the WOB and WB conditions can be influenced by changes in walking speed. The increase in the vertical ground reaction force for the a ffected limb WB could be due to the obs erved mean difference of 0.09 m/s in walking spe ed [26] . This relatively small change in velocity did not result in significant dif ferences in mos t kine tic a nd kinematic gait parameters as compared with the unaffected limb. O ther differences between the WB and WOB conditions for the affected limb, such a s the horizontal g round re action force and external flexion moment in the first 30 percent of the gait cycle, cannot be attributed to a walking speed difference of 0 .09 m/s [2 7] . Th erefore, walking with out the brace can be characterized by reduced walking speed accompanied by significant step-length asymmetry , reduced brake force of the arthriti c limb immediately after weight acceptance, and reduced sagittal loading throughout stan ce ph ase. These findings correlate well with the results of an earlier extensive study reporting on the gait pattern of 139 knee osteoarthritis pati ents [28] . Gait pattern changes of this sort appear to be a protective mechanism t o reduce joint pain, as illustrated by the reduction in external flexio n moment, which correlates directly with a reduction in joint contact forces [28] . The present study shows that a bra ce can also contribute to a more symmetrical gait pattern if deviations from normal in the arthritic limb can be significantly reduced. Objective measurements of this re duction in as ymmetry ma y correlate with the pain-reduci ng e ffect of the se medical devices.
CONCLUSIONS
The results from this study show that the studied valgus-inducing knee brace c an compensate for approximately 10 percent of the external genu varu s moment. This compensation appears to be the main biomechanical mechanism that re sults in a reduct ion of joint force within the medial joint compartment. This biomechanical effect is an essential requirement for the reduced pain and improved overa ll func tion (such as a more symmetrica l gait pattern) that res ult from the use of such braces . Orthotic treatment can ef fectively manage pati ents at early and middle stages of osteoarthritis or when other treatment methods are not applicable.
